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abstract 


Generally permanent magnet dc motors are used in 

photovoltaic pump drive. The brushes and commutator require 

* ^ 

frequent replacement and maintatinance. In the present work 
an induction motor pump drive is proposed, which over conies 
the above mentioned problems* A maximum power tracker 
is developed which ensures maximum power input to motor by 
controlling the modulation index of the inverter* The single 
phase permanent capacitor motor is used and is operated at- 
^Od efficiency by using suitable speed control scheme, A 
single phase inverter is d( signed with least possible number 
of power transistors, A technique operating at high 
frequency is employed to obtain sinusoidal output voltage 
and current with low harmonic distortion, A prototype 
drive is buitt in the labotatory and is tested with fan 
load/. The performance of the drive is found satisfactory. 
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CHAPTEE I 


INTRODUCTION 


1*1 

Viiater is pumped for drinking, irrigation and for the 
use in^households. The cost of the water is directly related 
to the required energy for pumping of the water from the 
ground. The common energy for water pumping is the electriwl 
♦^ncrgy due to its availability near the site of human 
haV'itation at reasonable cost. However in small villages and 
agriculture fields, where conventional power grid supply 
ir not available,' diesel puirp sets are used for water pumping* 
These pump sets require frequent maintinance and fuel* The 
annual running cost becomes principal economy factor. There 
is vast need for low cost systems, which require^ no fossil 
fuel and very little maintenance specially in India due to 
its poor reserves of fossil fuels, wuch system must employ 
reliable equipment to ensure high MTBF (mean time between 

photovoltaic system has the potential to 
provide such an alternative. However, initial capital cost of 
the photovoltaic pump system is about four times the diesel 
alternative, but the difference can be recovered in four 
years (assuming no increase in the cost of diesel) [8]* Furth' 
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XGduction ii) the cost of the solar cells is expected due to 
the large scale production and advances in manufacturing 
techniques. Therefore the future of such systems is very 
bright. 

Photovoltaic pump system consists mainly three compo- 
nents, electric source which is a solar cell array, an 
eli ctromechanical converter which is an electric motor and 
load which is a centrifugal pump* v^cveral pump systems have 
been developed, which employ dc permanent magnet [7] or wound 
field motors [9-11]. These drives require frequent mainte- 
nance due to replacement of the brushes and commutator. Son^ 
authors have suggested ac permanent magnet motor but the 
reliability of such system at this stage may be considerably 
poor due to involvement of complex olectronicsj^jiihi-eh' 
borth f 

In the present work, photovoltaic induction motor pump 

drive which eleminates both of the above mentioned problems 

has been investigated* It is a variable speed drive with a 

maximum power tracker in the inverter circuit, to ensure the 

•laximum use of available photovoltaic power, A single phase 
a 

transistor invTter with least possible power switches is 
fabricated and tested on the single phase permanent caphcltor 
induction nwtor coupled with fan# 
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1,2 organisation of the thesis 


In chapter 2 tJie operation and behaviour of solar cell 
and different motors is briefly discussed* The advantage ''and 
Jiisadvantage various drive schemes and maximum power 

n ^ 

tracking schemes is also outlined. 


In Chapter 3 the proposed drive scheme is described. 
The operation and design of the single phase transistor 
inverter is discussed. The principal of the power maximiza- 
tion is also discussed. 


Chapter 4 deals with the details of control and prote- 
ction circuits. The design and operation of the firing, base 
drive, maximum power tracker and snubber circuits is 
described. 


In Chapter 5 analysis of the single phase permanent 

capacitor induction motor with voltage source is discussed. 

The experimental results of the drive are presented. Also 

S' 

some oscillogramAof the inverter performance with different 
loads SrS presented. 



CHAPrei 2 


PHOTO VOLTAIC PUMP AND FAN imM 

1ml INTROOUCriON 

Th« conventional sources of energy are used ettMer 
' diroctXy^^onvexted into electxieity to supply the densnd 
of etnergy in present age* The direct use of energy involves 
iniming'^fuels such as wood, gas» oil and coal directly for 
the purpose of hasting requdrement or in combustion engine 
for the purpose of doing mechanical work. Mostly eloetxlcity 
is orsatsd by converting energy from fossil fuels and 
nuclear rsactions into electrical energy through the productioi 
of steam and the rotation of a gocieratox* The conversion 
procedure is costly and inefficient# Both the cases suffer 
from the disadvantage of health ha sard due to radioactive 

wp 

radiation and/or pollution* Since the demnd of energy is 
Increasing at an alarmingly high rats and the conventional 
sources of energy are very limited, there is s nesd of non- 
convontional sources of energy which should be economical# 
unlimited and free of all types of pollution* The solar 
energy is a one and easy Gon#r8i<Mi into electricity without 
amy pollution* Despite those advsntages photo-volatie energy 



suffers from the liiaitations such as cost of solar ceil, the 
amount of annual sunshine at the site, the time and type of 
photo-waltaic output and the space required to generate 
significant amount of power* 

Up till now solar cells have been used for satellites, 
electric calculators and watches, single person airplane, 
prototype cars, water piaaping, water desatination plant and 
professicHTial radio stations [ij* Small water pumping irri- 
gation projects are most suitable for remote locations in 
India* A siople photovoltaic water puisp drive consists of 
tolar cell module, a motor and a pump* In this chapter these 
components of drive will be discussed* 

2»2 SOUR CELLS 

2*2*1 Generali 

The Solar cell was reported as early as 1941 but it was 
1954 when silicon solar cell was announced by Chapen, Fuller 
and Pearson* The solar cell was widely u^d in space applica- 
tiems by I960* By t^e end 1970*8, the production ^ silicon 
cells for use in terrestrial applications became dominant 
factor and hence fast reduction in the cost due to large scale 
production* The basic principle of operation of solar cells' 


dttp«nd upon ’Photovoltaic of feet* imported by Becquex®! in 
1839 [ 2 - 33 • The solar cell coni^rters the sun light directly 

into electricity and heat plays no c^mstructive part in the 
process* It is sons what puzzling because all conventional 
methods of generation of electricity involve production 
•f heat* 

\ 

The best siHcon solar cells are made from one carefully 

grown crystal in which all the atoms are facing the same 

/ * 

direction and fit together into a ^ neat three dimaisional 
grid* Multicrystal or poly crystaline cells are less expen- 
sive to grow but have a lower efficiency* Amorphous silicon 
cells promises to be most inexpensive to manufacture because 
they can easily be produced in thif^fiim but their conversion 
efficiency is lower than that of single and polycrystaline 
cells* Beside silicon solar cells, there are some ether solar 
cells having their own advantages and disadvantages* The 
copper-cadteium sulfiiKl which are inexpensive in production but 
have low conversion efficiency of and gallium arsenide 
with an efficiency of 22?^ axe most common [ij* The basic 
principle of operation of solar ceil is outlined below. 

In a normal PN junction a small voltage called potential 
barrier is developed across the Jimetion due to migration of 



fx«« •lectrons fxom N to P material and reverse flow holes* 

Ai 

Thdis voltage prevents the further flow of charge carriers 
and sweeps away all the free electrons and holes from the 
depletion region* The ntakber of majority carriers in both 
sides of Junction will depend upon the level of doping but 
the number of minority carriers (holes in H type and electrons 
in P-type) will depend upon the light and heat condition* At 
the room tea^erature, there are free electrons and holes in 
the Junctioni these chaarge carriers either recombine if they 
are away from the Junction or ^wept away by the potential 
barrier towards their majority concentration* In an unillu- 
minated Junction majority and minority carrier currents are 
ec|ual and balance each other out* This ballance of current 

is dlstuihed when light falls upon the junction* The each 

C 

insidmfit photon having energy 6h^%• ^ more than banu gap 
energy of silicon is capable of generating one /electron 
hole^ pair* These electrons and holes will be forced apart 
by electric field and pushed towards their respective N and p 
material provided thickness of Junction is small enough and 
life time of charge carrier is large enough to avoid re^abi-» 
nation* This movement of electxon^hoie pair wili give rise 



to photo-voitaic current* AsKtunt of current and hence power 
depends mainly upon the intensity ef light, temperatijre and 
cell area* The short circuit current of solar cell is 
proportional to the intensity of light and cell area but 
varies little with temperature j While the opon circuit voltage 
of solar ceil is inversely proportional to the temperature 
and is not effected by the cell area* The open circuit 
voltage varies little with the intensity of light* The chara- 
cteristic of solar cell and its variation with intensity of 
light and teo^eratuxe is shown in Fig* 2.2*1. 

2*2«2 Maxiimitt Power Trackings 

A solar cell array is consists of many solar cells 
connected in a sories/parallel fashion* The array has I-V 
characteristic similar to that of a single solar cell. Each 
I-Y curve has a maximum power point at which the product of 
array voltage and current is maxlaaim* It is advantageous 
always to operate the array at its maximum power point* 
Maximum power can be tracked by placing an electronic circuit 
called *maxiimim power tracks:* between solar cell array and 
the load} which changes the apperent is^edance of load untill 
photovoltaic power is maximized. The photovoltaic power 




0.0 ai 0-2 03 0-4 0-6 0-6 (;7 


Wage (volts) 

Fig. 2”2*1a Characteristics of sclarcell with changinn insclaticn 
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Fig. 2-2 -1 b. Characteristics: of .sdaccell . with changing temperature 



can b* sam^^Xed either by multiplying the voltage and current 
readings of PV array together or in a special way by 
measuring just voltage or current* Several maximum power 
tracker are reported in literature employing single chip 
microo^mputer [5*6] • 

The surface orientation of the PV array affects the 
amount of energy received from the mjin and hence PV output 
power* The amount of direct beam solar energy that a 
surface receive can be optimized by keeping the surface at 
right angle to sun’s direct radiation at all times* The 
cost of the energy and the s^chanlcal assembly required to 
tiack the sun accurately and consistently each day generally 
outwieghs the extra energy obtained by doing so, when flats 
plate solar cell modules without concentration axe used [l]» 
The next alternative is to fix the surface of module so that 
the sun’s angle on the plane is closest to the perpendicular 
most of the time* In the Northern Hemesphere an area facing 
due south at a tilt angle that equals to side* s latitude 
would obtain the optimum amount of/the entire year* The solar 
energy can be maximized during winter months by increasing 
the tilt angle by li^ and in siwmer months by decreasing the 
tilt angle by 11®* However tilting a surface up from the 



horizontal dacreases the diffuse radiation and reflection 
received from the grouaad* Therefore for a precise optimun 
tilt angle the relative amount of the direct diffuse and 

reflected light must be known. The surface tilt angle need 

e o 

not be too precise because a dtihltation of as much as 10 

from optimum tilt angle will produce a decrease in inoedwit 

solar energy little more than Sji of maximum [!]• 

2.2*3 Conversion Efficiency* 

Amount of the PV power output of solar cell array 
depend upon the amouutit of the solar energy and conversion 
effeciency/^f the solar cell* The solar power received 
directly outside the atawsphere is <:%)ntinuous at a rate ©f 
about 1350 watts/m^ and is known as solar constant* The solar 
power level received on the earth fluctuates due to rotation 
of earth at its axis aund around the sun. The peak solar power 
eai^erienced on a horizontal surface near sea level is about 
IXKIO watts/m^ and is called one sun at which solar cells 
usually axe rated. The conversion effeciency of a solar cell 
is only about 15jc. The theoa^tical maximum effeciepcy is 
about 25 :j 4. Major factors responsible for low conversicwi 
effenciency are as follows [1-43. 



«) The sun light consists of photons having different ^ergies, 
The photon having energy less than the band gap energy of 
silicon passes straight through crystal with no effect* This 
wastes about 2-^ of solar energy* 

b) Since each incident photon having anergy more than band ^gap 
energy of silicon is capable of generating one and only one 
electron hole pair, hence over energetic photon does 
nothing but make the crystal hot. This waste another 32>l 

of solar energy, 

c) Despite of antixef lection coating about 3>4 of incident 
energy is lost through reflection* Recombination of electron 
hole pair due to impurities in crystal and limited life time, 
and absorption of photons away from the depletion layer 
causing heat, acounts for another 20;^ unavoidable losses* 

The above mentioned first two factors are inherent with 
the silicon solar cell*. The latter two factors can limited 
by clever design but can not be eliminated* 

A stand alone photovoltaic power system needs some form 
of energy storage and/or auxilary power supply to supply tho 
load demand during night or cloudy day* The general practicml 
technology for electric jpd' storage is lead acid batteries wliieli 
ire Ineffeclent and expensive* The next alternative is public 



utility grid whenever possible* For the application of water 
pumping instead of electric power ^ water can be stored In a 
tank or reservior. This form of storage is most economical 
and effecient, fAoreover solar cells generate power in direct 
current form which may be converted t© ac form by a static 
inverter* A maximimi power tracker may be incorporated in the 
circuit to ensure maximum possible pV power, 

2,3 MOTORS 

For a photovoltaic water pumping system^ one can ei^ioy 
dc motor. Induction motor or synchronous motor. All of them 
have their own advantages and disadvantages. In the following 
paragraph these will be discussed, 

2*3*1 P,C, Motor ss 

The ax)8t commonly used motor for photovoltaic pumping 
systems are d,c, motors. The p^imnent magnet dc motors are 
prefered due to their high full load and part load effeciency. 
The permanent magnet dc motors have the full load and part load 
ef feciencies in the range of 78-87^ and 66 to 78>i for a metor 
of rating 400W* The full load effeciency of a typical ac 
induction motor is in the range of 25^65}i and that of field 
woiaid dc motor would be 65 to 7Qji for the same power rating* 



Despite their high cost, dc drives ei^loying peraanent magnet 
dc motors are cheaper than ac drive or field wound dc drive 
due to their high effeci®ncy whicdi result in reduction of solar 
array area [7,8], All type of dc motors suffer from the 
disadvantage of bruahes and commutai^ben* Generally such 
machine require new brushes at irilnterval of the order of 
2000 - 4000 hours and if this is not done some motor can suffer 
ixrepairablt damages. Certain dc motors are being offered 
With clainmd brush lives of about 10,000 hours and is to be 
tested in field conditions. The two alternative schemes are 
possible for dc drive, either by direct connection of PV array 
to the dc motor or by connecting a dc to dc converter between 
PV array and the dc motor. Maximum power can be ensured from 
the PV array by mannual adjustment of the series/parallel 
combination in the former case and by incorporating a maximum 
power tracicex circuit in the latter case. However UNDP project 
report recommend the mannual adjustment. Several apptiaches 
for direct connection of the PV array and dc motor has been 
i^ll^rted in literature such as graphoana lytic method for series 
shunt and sperately excited field wound dc motor [9r-103 and 
analytical analysis of series excited field wound motor [11]* 
The direct connection of dc motor and PV array requires less 
number of conqsonent.s hence it is efficient and economical but 



•uff«i8 from the serious limitation of proper matching of 
the different components and dependence on the site para- 
meters for good performance* On the other hand one has to 
sacrifice the effeciency when dc to dc converter with man 
power tracker is employed* For the best choice a con^arative 
study of both scheme is required* 

2*3,2 Induction Motor t 

The induction motor offer certain advantages over the 
dc motor such as low cost, low maintinance due to absence of 
brushes and commutator, rigid and robust construction but 
suffers from the disad'^^ntage of low full load and part load 
efficiency In low power rating* However for the motor 
ratings greater than 1 KW, the efficiency is comparable with 
field wound dc motor. Since pv power is in direct current 
form, an expensive inverter is needed, when ac motors are 
employed. In low power rating single phase induction motors 
are used due to their general availability* permanent 
capacitor motors are prefered due to their high power factor 
which reduces the rms rating of power switches used in the 
inverter* In low power applications inverters are realised 
by employing power transistors or MOSFET^s using PWM 
technique at high frequencies* The basic drive scheme may 



consists of a pv array, pWM inverter and induction motor* 
However maximum power from the ^ PV array can be ensured by 
incorporating a maximum power tracker betweaa the inverter 
and induction motor* Any suitable schen» of speed control 

OV 

such as constant v/f ratio, constant flux slip regu- 
lation can be employed, Th^e is no published literature on 
photowltaic induction motor pump drive. However some 
manufacturers, like *GnuNDFOS International Denmark* have 
designed such drive with 3 phase induction raotor^ PWM 
inverter and submersible pump employing constant v/f ratio 
speed control scheme and maximum power tracker with claimed 
efficient performance, 

2,3,3 Synchronous Motort 

The synchronous motor for punning applications are 
used either as a true synchronous motor where speed is 
controlled by an independent o sella tor or in self control 
mode where pulses for firing of stator inverter are obtained 
from the shaft sensors so that speed of rotation of stator 
flux is always equal to the speed of rotation of rotor. 

Self controlled synchronous motor (SCS) is also known as dc 
commutator less motor due to similarity of operation. For 
low power applications such as photovoltaic pumping system, 



permanent magnet self controlled synchronous motor are 
prefered due to following adwntages [8]* 

i) li can be operated at near unity power factor* Elemi- 
nation of reactive power results in minimal size of inverter - 
motor system* 

ii) Load commutation is possible* This make the inverter 
simple^ more efficient and reliable, when thyristors are 
employed* 

Therefore permanent magnet self control synchronous 
motor teems more attractive than the permanent magnet dc motors* 
Because these motor do not have slip rings or brushes. However 
el ctronics gave reliability problems and it is some what less 
efficient than the better brushed permanent magnet eleetrlc U c 
motors [7j. For the low power application power transistors 
and MOSFET’s are en^jloyed in the inverter to eleminate forced 
commutation problems* The speed of the drive can be controlled 
by keeping v/f ra.tio constant so that the motor runs under 
ideal flux condition* 

2.4 PUMPS 

Th|xe are two types of pump namely positive displacement 
and centrliugal. For low headi applications such as small 



irregation pumping system, positive displacement pumps seen^ 
inappropriate on efficiency, size and starting consideration* 
Therefore a simple single stage centrifugal pump seems to be 
best choice. The UNDP project report recommends for the same* 

The several approaches have been published in literature to 
ensure efficient and stable operation of pump* Author [12] 
suggest a graphical approach to^ operate the pump at its maximum 
efficiency with the help of Q-H curves of pump and system* 

Viihile author [11] suggest an analytical methods for analysis 
and prediction of performance of ttie pump. Selection of a 
centri|u941 pump is made so that it fulfills all the requirement 
of the systems and its base speed Q-H curve should intersect 
the maximum efficiency point in the system Q-H curve. Then 
an appropriate drive is selected to match the pumping power 
requirements at variable speed. 



CHAPTER 3 


PROPOSED DRIVE SCHEME 

3.1 INTRODUCTION 

The water pusqping for irrigation purposes is one of 
the application of photovoltaic power* Usually time and 
amount of PV power matches the water demand of irrigationt 
oth* rwise excess water during summer can be stored in tanfcs or 
recervior for latter use. This storage technique is more 
efficient and economical than the battery storage of PV power* 
The remote location of pumping systems and high cost of PV 
array euggest the use of a drive, which has high efficiency, 
high reliability, low cost and needs very little maintenance. 
Various drive schemes are possible* Some of them were 
discussed in the previous chapter. The perfionmiit magnet dc 
motor drive is most efficient but maintenance 

problems# The ac permanent magnet motor drive overcomes the 
problem of maintenance but involves complicated electronics 
which may cause problems of reliability. The next alternative 
is induction motor drive. The only disadvantage of this 
drive is low efficiency specially in small power application^*. 
For the power level below 50C3^, single phase induction motbr;s 



are preferred due to their easy « availability* These motors 

I ' / y / 

need sitejtler, less es^pensiveat oes e reli arib l e and simpler 
inverter than poly-phase induction motor due to less number 
of coirponents. The main disadvantage of a single phase 
induction motor drive is low starting torque. The permanent 
capacitor motor is prefered because it is free from the 
fractional parts such as centrifugals switch or brushes [13], 
Tho efficiency and power factor of ,perm<ment capacitor motor 
is higher than that of other single-phase irK>tors* Due to 
high power factor the reactive power consumption is less, which 
results in low iUS current rating of power switches. Moreover, 
low starting torque does not pose any problem with the 
parabolic loadSsuch as fan or pump loads. Therefore for a 
small power PV water pumping system, single phase permanent 
capacitor induction motor is one of the best suitable choice, 
^uch a drive consists of a pv array imdule, an induction motor 

)> 

and an inverter with suitable control scheme as shown in 
Fig, 3,1,1, In this chapter, these components of the drive 
scheme will be discussed, 

3,2. PV ARRAY MODUI^ 

The solar cell which converts solar energy directly in 
to the electricity Is capable to produce 0,6 - 0,8 of peak 
watts of/" power* Usually they are connected in series. 
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dc/ac converter 



Pig.3.3-1a High f regency link resonant inverter 



parallel or in coinbination of both to produce the desired 
-input voltage current* Generally low current high voltage 
connections are prefered to limit the losses in the load* 
However a dc voltage greater than 80 volts may present serious 
ole ctricution hazard and should be avoided* The PV arrays 
should be mounted on a structure so that they receive 
optimum solar energy throughout the year and should be protected 
against the climatic condition of the site, 

A PV array module was designed by connecting four 
solar cell pannels in series. Each pannel contains 36 series 
connected solar cells to produce 25 watts of peak power* These 
pannels were mounted on an iron frame facing south. The frame 
v/as bolted to a structure so that it makes an angle of 26*44® 
from the plane, which is equal to the latitude angle of the 
site. This value of tilt angle was choosen to receive 
optimum solar energy throughout the year. The PV array module 
was placed on the roof of the lab. The characteristics of 
the array at a typical climatic condition is shown In Fig* 
3,2*1. 

3,3 INVEHTER 

The photovoltaic induction motor pun^ drive needs a 
static inverter to convert available direct current pv power 
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into ac power. The static inverter uses power semiconductor 
switches which are operated at desired frequency to produce 
alternating current. Such an inverter should produce a 

sinusoidal current, with low harmonic and the -awirtch - should 

operate a-t high fxe^ueney^ over a large range of input power 
and voltages. The reliability of the circuit is also important 
and can be improved by using least possible number of components* 
The most commonly used power switches axe thyristors (SCH) 
due to their low cost in higlv power ratings. But they require 
an- auxilary devices'^which affects the efficiency and reliability 
of the inverter. Development of the self extinguishing devices 
such as Gate Turn Off thyristors (GTO’s), Power Transistors and 
;v'»etal Oxide Field Effect Transistors (MOSFLTs) have made it 
possible to realize reliable forced commutated inverters 
operated at high frequency. Such inverters have high efficiency, 
low total harnranic distortion in the output less volume and 
V;/eight in coraparision of conventional thyristor inverters* In 
the low power and medium frequency applications, power 
transistors are prefered due to low conduction and switching 
losses* 

The various circuits are reported for use in the photo- 
voltaic application such as high frequency link inverters [5,14] 



and high efficiency inverter [6]# The high frequency link 
inverter are commonly used in residential photovoltaic power 
conditioning system where the consideration^' are 

less weighti volume and to'tal harmonic distortion in the 
output. In such an inverter dc power in converted into high 
frequency ac, which is then transfor^ coupled and converted 
to the required frequency ac through a dc link ac to ac 
converter as shown in Fig, 3.3.1, The multis'tage in the 
conversion results is low efficiency, low reliability and 
high cost. Author [6J has reported a^af simple inverter which 
converts dc PV voltage into constant frequency ac voltage 
without an intermediate dc link, as shown in Fig, 3.2.2 which 
results in good efficiency and reliability. An inverter was 
designed and fabricated with less number of components than 
that of Fig, 3,3,2, The new inverter needs only three power 
sViTitches, a flywheeling diode and a central tap transforawir. 
The circuit of inverter without protection and control 
circuit with waveform at different points io shovm in 
Fig. 3.3,3. 

The main power switch MT is operated at high frequency 
(20 KHz) employing pViiM techniques as a hjickf converter, which 
produces a pulse width modulated high frequency current, 



ng, 3- 3.1a High frequency Wnk inverter 



Fig, 3-3.2 Single stage inverter 




from th« variable pv current rectified sinusoidal 

current The power switches and 7^ form a half bridge 

polarity reversing inverter with transformer. The T^ and T 2 
are operated at desired frequency to produce a sinusoidal ac 
current at the output. The transformer is used to prevent 

the flow of dc current into the motor and to isolate PV array 
from the motor, A capacitive filter is connected at the- 
input to limit the ripples in the input voltage and current, 

/k flywheeling diode is connected to provide an alternative 
path for the current during the off period of MT, 

All three power switches were^s^alised by power trans- 
istors (2N3773), The high frequency (20 KHz) of the chopper 
..'as choosen in order to obtain small filtering components 
[Lf and C^) and low switching and filtering losses. The low 
pass filter was realised by a raetalized paper capacitor C^p 
(15 pF) connected in series with an air. core inductor 
(135/^^), The flywheeling diode uses a fast recovery dci<^ 
(LiYX96), The input filter was realized by a parallel combi- 
nation of metalized paper capacitor (15 pF) with a electro- 
lytic capacitor (2200 pF) to store high frequency ^ low 
frequency components respectively, A central tap transformer 
was designed with turn ratio li5,5 to produce the desired 
output voltage level. 
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3,4 CONTROL SCHEME 

The development of the solid state power controller's 
made it possible to operate the drive in the desired manner# 

Thf.' power output of the drive can be optimized by employing 
a suitable control scheme# In conventional power fed pump 
drive^ control scheme is responsible for stable and effi— 
cient operation of drive, thereby ensuring optimum mechanical 
output (water). Cut in case of photovoltaic pump drive, 
the control scheme should not only bo responsible for maxiimim 
mechanical output but also the maximum conversion efficiency 
of i'V arrays. An increase in the conversion efficiency 
roauces the required solar cells arrays area which will 
result In considerable reduction of overall cost of the 
drive. The cost of the PV array Is more than 80/* of the 
total cost of the drive. In photovoltaic induction motor 
pump drive, there are two possible control variable^ modula- 
tion index and frequency of the out'^ut of inverter. These 
variables can be controlled in two ways, 

i) select an optimum operating point of the motor 

characterised by input current and frequency. The 
motor will absorb a certain power which thus characteri- 
sed an operating point of photovoltaic array, 

4 



ii) operate th« PV array at its optiawm power which .in¥>oses 
the supplied power on the motor. This leads to a search 
for a frequency of input supply which guarantees an optimum 
efficiency from the motor^. 

Therefore such a drive has two degree of freed(^ modu- 
lation index ^ of the inverter, which controls the pv array 
operation point at optimum power and frequency of inverter 
output fjwhich optimises motor efficiency. The second control 
will ensure the optimum power input to the motor only if the 
efficiency of theinverter is independent of the load current 
wiiich is rarely the case. Therefore first control scheme is 
more preferable. This scheme was inplemented in proposed 
f.> :ive, 

3,4,1 Control of Modulation Indexi 

Xhe amount of the photovoltaic output power entirely 
depends upon the location of the operating point of the system 
on IV characteristics of solar cells array. The operating 
point of the system is the intersection point of the IV 
ch racteristic of the array and the load line as shown in 
Fig, 3,4,1, Since the IV characteristic of the solar cell 
array has a fixed s'izB'^f6 shape for a particular values of 
temperature and insolation level, the location of the 
operating point is mainly decided by the slope of load line. 



Therefore amount of the output power of a solar cells array 
can be controlled by changing the slope of load line and 
h<. nee can be maximised by adjusting the slope of load line so 
that operating point of the system concides maximum power 
point of the PV array* The slope of load line depends upon 

^ mm 

voltage and current level of the load (Ij(V) and hence can be 
controlled by changing the modulation indeM of the inverter. 

Thus proper adjustment of the modulation index can ensure 
the maximum output power from a pV array. This can be done by 
campling the output power of array and changing the modulation 
index ’m’ of the inverter until the power is maximised* The 
power output of the ?V array can be sampled simply by 
multiplying the voltage and current reading together, T^s 
will involve a large number of multiplication and sensing of 
both voltage and current, which need a microcomputer. The 
several maximum power tracker are reported in the literature 
[b,6] for the residential power conditioning system which 
work on the above principle and use a single chip micro- 
computer, However, ^ for the photovoltaic pump drive which 
is to be located in remote sites the use of microcomputer 
is risky and reliable operation of such a system is doubtfull 
in field conditions# 



The power output of the PV array can also be maximised 
by maximising the Mast voltage or current input to the load 
provided I-V characteristic of the load does not reach^f 
a maximum. In other worid load line does not have a negative 

slope region which can be true in case of induction "^purap 

f 

drive ij^ proper speed control scheme is employed. In the 
proposed scheme the input voltage to the motor is sampled 
regularly and modulation indek is varied. If the input 
voltage to the motor increased or remain same the modulation 
index is varied in the same direction otherwise direction of 
change in the modulation index is reversed. Thus the 
operating point of the syst^ fluctuates around the maximum p 
power point/ithe PV array. The actual circuit used and its 
operation will be discussed in the next chapter, 

3.4,2 Control of the Frequency: 

The control of the modulation index will ensure the 
optimum voltage input to the motor. Since the mechanical 
output power of pump drive is proportional to the speed, a 
suitable speed control scheme should be employed which 
adjust the speed of the drive for corresponding change in 
the input voltage. Usually speed of the single phase perma- 
nent capacitor motor is controlled by reducing the strength 



of the air gap laagnetic flux or the synchronous speed of the 
motor. The strength of the magnetic flux can be controlled 
by changing the stator voltage at constant frequency, while 
synchronous speed of the motor is controlled by varying the 
frequency of the stator supply. 

The speed-torque characteristic of a single phase 
permanent capacitor motor for different stator voltage i# 
shoivn in Fig, 3,4^2 CL, This method of speed control is most 
suitable for the parabolic load such as pump because of 
range of speed control. The disadvantage of this 
method is low efficiency at low-speed range. Moreover the 
input current of the motor increases with decrease in the 
spc .d upto about slip and then start decreasing. There- 
lorc the load line will have a negative slope if the slip 
of motor is more than 33;4 which is undesirable for the 
proposed maximum power tracking scheme. 

The other way of speed control is by con tro ling the 
input frequency. The voltage to thie frequency is— in 

I 

■dopth constant to ensure the operation of motor at ideal 
flux condition* In poly-phase induction motor the constant 
maximum torque is produced at all speeds. But in the single 
phase induction motor, this is not the case. The maximum 







torque produced by the motor decreases with the decrease in the 

, 

speed in spite of constant V/F ratio as shovm in Fig, 3,4*26, 

The reason is quite simple. The strength of the cross magnetic 
in the single phase induction motor depends upon the 
spe ;d voltage induced in the rotor and decreases with the 
speed. The reduction in the torque at low speed is favourable 
for pump'^ fan loads. This method of speed control is more 
efficient than the former one. The efficiency of drive can 
bo improved further by varying the V/f' ratio so that the maximum 
torque produced by the motor is slightly more than the load 
torque at all speeds. 


\1 

In this project both of the spe..>d control schemePwere 


ii.i qlemented. 
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Fig. 3.42b Sp eed -torque characlefis ties of permanent 
capacitor I-M.with const<^t V/f ratio 


CHAPTER 4 


CONTROL AM) PROTLCTION CIRCUITS 


The design and operation of the control and protection 
circuits will be discussed in this chapter. The control 
circuit consists of firing circuit, base drive circuit, maximum 
power tracker circuit and voltage controlled oscillator 
(Fig, 4,1)^ while snubbers were provided to protect the power 
switch from secondary breakdown* Since the PV array regulates 
its voltage and current, no protection is provided for over 
cu-rent or over voltage to the power switches, 

4.1 FIRING CIRCUIT 

i 

Normally static inverters produce .square wave output., 
Which contains a large number of harmonics. These harmonics 
have two unwanted effectsdn the operation of mo torj^in crease 
in hating and torque pulsation due to distortion in the air 
gap flux. Therefore, it is desirable that harmonic coraponents 
of the waveform should be minimum. The harmonic content of 
the waveform can bo' controlled by employing pulse width lassly* 
lation techniques. There are several P*(<M techniques such ms 
sinusoidal PWM modulation with uniform sam pling (SPWM) optianX 
and harmonic elemination. For the transistor invertoro 
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Fig. 4-11 PWM Patterfi qe^eration 



oPijM is most suitable and can be iirpiemented e IthiT by 
natural comparision. In natural coispaxlsion a sine wave of 
variable frequency and an^jlitude is compared with the 
triangular wave of carrier frequency* Since it is difficult 
to generate a sine wave of variable frequency and amplitude, 
the author of reference [7] ha^ used trapezoidal reference 
wave instead of the sinusoidal. The switching instant can be 
calculated on main f r^macomputer and can be stored in KPROM* 
However for high carrier frequency a large storage area will 
be required, which is not economical. 

In the proposed drive scheme a stepped triangular 
reference wave of variable frequency and amplitude was used 
b^enuse it is easy to generate such a wave shape than trape- 
:^,oicIal or sinusoidal. This reference wave was compared with 
fixed frequency (20 KHz) triangular wave employing analog 
techniquea as shown in Fig, 4,1,1, The circuit was realised 
with the help of the counters and digital to analog converter 
(UAO). The amplitude and frequency of the reference wave 
can be controlled by. varying the frequency of the clocl^^ for 
the counter and reference voltage of the DACl respectively* 
The clock is provided either by an independent oscillator^,-. 
whose frequency can be controlled or from the output of a VCO* 


The independent oscilator 4«a« realized by NE566 chip. The 
output frequency is kept 1024 times the desired output 
frequency. The magnitude of the reference voltage to the DAC 
is provided from the output of maxinaim power tracker circuit, 
iho complete circuit is shown in Fig, 4,1.2 and its wave- 
form is Fig, 4,1,3, 

A 8 bit up down counter, which uses two cascaded 74191 
chips, counts the input clock continuously and produces a 
hivjh pulse CO at max. /min. pin >, whenever its count content 
becomes 00 or FF, The signal CO triggers a positive edge 
(Vn 0 'V C [ 1/2 74LS221] to produce a short duration pulse 

(2 psec). This pulse toggels a JK flipflop [l/^7476] to 
produce a signal U, The signal U is connected to the up down 
pin of the counter which makes the counter to count up and 
dov/n when its content becomes uO and dH respectively. The . 
counts output of the counter is connected to digital to analog 
converter [ADC 7523 JN], The output of DaC is level shifted 
and amplified to produce the stepped triangular reference 
wave* ilu The fixed frequency triangular wave is generated by 
using a NE^66 timer. The output of tin^r is level shifted and 
amplified to produce carrier wave Cum These waves KW and ON 
are compared by using a high speed comparator [LM361], whose 






Fig- 4-1- 



Firinq circuit 





Fig %4--3 Wa/ef or ms at different points of firming ck 
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output is the required PWM pattern* The signal ^toggels an 
another JK FF [j/s ,7476] to produce the complemented square 
waves. The frequency of these waves is half of the frequency 
of reference wave and used to trigger power transistor 
and Tg* 

4.2 base uKIVE 

The base drive circuit is used to amplify the switching 
puls*?8 and to reduce the switching time and conduction losses. 
The firing circuit should also be protected from the high 
speed large voltage and current transient in the power circuit 
by isolating the two circuits [16]. Since power transistor 
■ e^julres continuous base drive^ pulse transformer isolation 
can not be used. The opto isolator are used for this purpose^ 
such an optoisolator 4370/5082 is shown in Fig. 4,2,1. When- 
ever there is a high pulse at the input, a current flows 
through and it emits light which sttike to photo diode Dg. 

A current flows through and provides base drive to Tj^ which 
d Ives T 2 into saturation and hence output goes low, V<hen 
input signal is low Tg will be in cut off and output will be 
high. The optoisolator needs an isolated power supply to 

u • 

isolated the output from the input. Such a power supply wm 
designed as shown in Fig* 4*2*2* 



Fig. 4.2-2 feolated power supply 






A simple base drive circuit vwms realised as shovac in 

Fig, 4,2*3, Input signal is isolated and amplified by 

transistors Qj, and so that it can drive transistor pair 

saturation. To reduce the storage time and hence 

the switching and losses, transistor, produces 

the negative base drive when power transistor is to be off, 

.01 alternative path for the negative base drive is provided 

by connecting zenor^Miode/at the output after the storage 

time, which protects the base emlter junction from the 

avalanche breakdown, Th'- storage time can be reduced further 

by controllng the depth of the saturation of the PT, This 
i6 

obtained by connecting diode As the saturation level 

of i'T 14 increases, D, becomes forward biased and by passes 
c rtain portion of the base drive of Q 3 ^ U 4 to collector 
of the PT and hence reduces the base drive to the PT and thus 
reduces the saturation level. The capacitors, in the collectors 
circuits of Q 3 and are connected to provide high initial 
base drive of about 2,5 psec, 

LBO 

4,3 VOLTAGE CONTKOL^OSCILLATOR 

The circuit of MCO is shown in Fig* 4,3,1, The input 
voltage to the motor is’ stepped down, rectified and filtered 
to obtain a dc voltage The dc voltage is proportional 

to the motor terminal voltage and connected to control voltage 



+ 6V 





pin of a voltage to frequency converter chip [XR22073, The 
timing components of XR2207 chip is selected to maintain 
a constant ratio of its output frequency to motor terminal 
voltage so that the ratio of the motor terminal voltage and 
inverter frequency is maintained at rated value. The 
rat' d V/t ratio of motor is 4,4, 

4,4 .-‘MXIMUM PO^ilK TaACKEK CIriCUXT 

A simple maximum power tracker is proposed which 
maximises the input voltage to the motor by con tro ling the 
modulation index of the inverter. The input voltage to the 
motor is continuously monitored and converted in to frequency 
by using a VCO, The output frequency of VCO is proportional 
to the motor terminal voltage (VL), This frequency is 
measured and is stored. Then the modulation index of the 
inverter is either incremented or decremented depending upon 
the previous condition. The variation in modulation index 
will change the terminal voltage of the motor and hence 
output frequency of the VCO will change. An adequate time 
is provided to settle the power transient, The'^output 
frequency of VCX) Fg Is measured and compared with the previous 
value of frequency F^, There are three possibilities. 



a) Fg > i.e, niotor terminal voltage has increased 

F 2 - i*e* the terminal voltage of the motor 

\ 

remains the same 

^ 

c) Fg < l«e, the terminal voltage of the motor te- 
decxeased. 

In cases (a) and (b)» since the motor terminal voltage 
ic. cither increased or remain the same, the change in the 
V'.lut of modulation index is considered in right direction and 
it v/ill be maintained in the next cycle. While in case (c), 
th terminal voltage is decreased. Therefore change in modu- 
lation is considered in the wrong direction, therefore in the 
next cycle, the direction of the change in modulation index 
is .-oversed. The circuit is realised using a digital logic 
circuit and iis shown in Fig. 2,4,1, 

The base signal to the power switch Tjl/^ 2 
to' gel a JK flipflop Jji [ 7476] which produces a signal A 

at its q output. The signal A toggels a JK flipflop Jg 
[ 7476j and produces UU and 0^ • The signal uu is connected 

to the up/dovan pin of the 8 bit counter Gj^ (2x74191)* Therefore 
mode of the counting of counter changes up and down for 
every two cycles of the motor terminal voltage^ A +Ve edge 




Maximurr power tracker circuit 





mono MV , 74LS221] is used to pioduce a low pulse 

. of 3«8 msec duration at the rising edge of the signal A 
and Is connected to tljte enable pin of the counter This 

enables the counter to count up and down alternately 

for a duration of 3,8 msec. The signal L and X trigger 

LS 

+Vc edge mono 4.;V m 2 ^bd [7425221] to produce positive 

pulses B and i of 0,75 and 1,5 psec duration respectively, 

riio pulse B is Nanded with signal UiJ to produce a low devel 

lo >d pulse for counter so that the counter is loaded with 

word FF before it start count down. The clock to the counter 

is provided by the output of the VCO. The output frequency 

of whteh is proportional to the terminal voltage of the 

« 

-.notor. The pulse C is Nanded with signal to produce a 

clock pulse to the counter (2x74191) whenever counter C, 

■^4 ■*“ 

rtops counting down. The +Ve edge mono 74LS2213 

produces a 3,8 msec lew level pulse F at the rising edge of 

ripple clock output of the counter The pulse C is 

Anded with signal uU to produce a positive pulse of 1,5 psec 

whenever counter stops up counting. The pulses D and F 

arc /aided together and produce a positive pulse H whenever 

the counts output of counter in up counting is than 

that in down counting. The max,/min. output of counter Cg 

triggers a -hVe edge Mono MV M5 [ 1/2 74LS221], which produces a 



> negative pulse^ of 1*5 psec. The pulses G and H are Nanded 
together and produce a signal i which toggels a jk flipflop 
‘3* output of J 3 is connected to the Up-down pin of the 

counter Therefore mode of counting of the counter <0 2 

chan- es whenever counts output of counter C, in up counting is 
than that of ciovm counting or the count output of counter. 
>)ecoines FF or uo. The counts output of counter C 2 are 
c;nnocted to a digital to analog converter UaC 2 [ADC 7523], 
which produces an analog signal The signal is 

connected to DAGI ifk firing circuit. The wave forms are shovm 
m 1 ig, 4,^,2# 


The cycle of the operation begins with loading a word 
ii into counter Cj^# Than counter Cj^ starts counting down the 
ou.out frequency of the VCO for a period of 3,8 msec. At the 
end of this counting period a clock pulse is released to 
counter C2. The content of the counter is either incremented 
or decremented depending upon the counting mode of counter Cg* 
This will result in corresponding change of the '^lef signal to 
Dfwl in fixing circuit and hence modulation index will be 
changed. The circuit remains idle for rest of the two cycles 
of the terminal voltage of the motor to settle the power 

vp 

transient. Than the counter starts counting down the output 


^ 




frequency of the VCO* If the output frequency of the ^CO 
is either increased or remains the same then counter will 
produce a pulse at its ripple clock output which is used to 
Jalock the pulse to, JK flipflop J3 and the cycle will be 
repeated* On the other hand if the output frequency of VCX) 
is decreased no rip .de clock pulse will produce. Then 
a pulse will be realsed to JK flipflop J3 which will reverse 
th*^ mode of counting of counter C2 snd thereby direction of 
c,.~a_.e in the modulation, and the cycle will be repeated* 

4.L ruOT GTION CIuOIIT 

The power switches used in the inverter circuit must 
' protected aoalnst switching transient otherwise device 
i..ay c.amaue due to secondary breakdown [I6], Usually the 
pol rlsed snubber circuits are used -or this purpose. The 
protection circuits limits the rate of rise of current and 
tin voltage within the prescribed limit at turn on and turn 
off of the switch. The snubber circuits are designed so that 
the power switch always operates within the safe operating 
a-., a [bOAj prescribed by manufacturers and thus keeps the 
device heat deaslpiation low. The authors of references 
[17 and 18] have reported methods of calculation of the 



snubbers circuit components in order to reduce losses in the 
device as well as the total switching loss. The inverter 
circuit with all protection circuits is shown in Fig* 4,5.1. 

4.5.1 Turn on dnubher Circuits 

The turn on snubber circuit ic connected only with 
main transistor due to its high frequency of operation. The 
ci cult consists a small inductance and a diode- re si stance 
n c'.'oxk as shov/n in Fig, 4,5,1, The inductance induces voltages 
f . M.il to and of opposite polarity of the input voltage when 
t.'. main transistor current begins to rise, thereby collapsing 
u'; collector emitter voltage to its saturation level. By 
e. ortiming that the coll'-ctor current rises linearily during 

Tf, 

• timej the value of inductance can be calculated as followsi 


L'l 




The network inductance is charged exponentially during 
the transistor turn off time by the voltage drop across the 
network resistance. The network resistance is selected to 

-f 

provide the shortest changing time interval consistent with 



extra burden placed on the transistor by the charging voltage, 
which appears in series with it at turn off. An inductance 
of 24 pH and a resistance of 12 selected .for the ' 

inve rter ratings . A ppo n di H '~ Er , a. 4 

4.5,2 Turn off Snubber Circuitj 


A normal diode-resistanco-capacitor network is used 
ar a snubber during turn off. At turn off, the capacitor 
cha jes at a very fast rate through a diode and thus limits 
tho rate of rise\the voltage. At turn on it discharges 
th Dugh a resistance to limit the discharge current. By 
acsu.iing dbit during turn-off time the collector voltage 
rir.i r. linearily from saturation voltage to input supply 
volUuje, The value of capacitor C can be calculated as 

V » § /idt . § . 1 1- [£ 1 i4i 

of f 


or 


I T 


C 3i 


2V 


whore V * V. + voltage drop across the network resistance, 
in 

The network resistance is selected to provide the 
shortest charging time interval consistent with the extra 
burden placed on the transistor by the discharge current 



rfl C'k'yvir 

at turn on* A capacitor of 7 ^ and resistance of 250 are 
selected for main transistor* s snubber. However since 

md T 2 operate at a low frequency there is a large time 

v' 

interval available for chajiiging of capacitor therefore 
la ...cr resistance can be used to limit the discharge current* 

. n tv<ork: of 7 pr capacitors and l.bU resistance with a 
far.t recovery diode awTe used for transistors and Tg, 

4.0 XP’j^iMUrrAL 5 T UP 

The complfte control circuit *.vgs fabricated on a single 
as shown in Fio. 4.6,1 and was fitted with power circuit 
. 0 / inverter in a proper metal assembly. Since induction 
;;io:.or and centrifugal pump v/ore not available in the required 
OS' X rating, a pedstattl fan of 6 Q 0 vjas used. Two UPUT 
./itches and two potentio meter v/erc fitted at the front pannel 
o the invrter arserably, dy the help of switches the modu- 
lation index and frequency of inverter can be varied either 
in close loop ox in open loop by mannuai adjustment. The 
following alternative operations arc possible, 

a) ...odulation index and inverter frequency in open loop: 

The level of the input voltage and power to the motor 
as well as inverter frequency can be adjusted to any desired 
value by setting the positions of potentlo-meter, which axe 
fitted on the front pannel of Inv.eitex* 




Pio. 4-6-1 Detailed control circuit 





b) Modulation index in open loop and inverter frequency- 
in close loop! 

In thp case the level of input voltage and power to 
th! motor can be controlled with the help of a potentio-meter, 
v;:dle inverter frequency is du-cided by the motor terminal 
voltage so that ratio between them is maintained at^4, 

c) ..adulation index in close loop and inverter frequency 
in open loop: 

In thi? cace input voltage and power to motor are 
;.;aintained at th< raaximum possible value by maximum power 
t -Cher circuit, Vhe inverter frequency can be controlled 
i.y ou justing the setting of the potentiometer, 

d) odulation ind< x and inv-rter frequency in close loop: 

In this case the level of input voltage and power to 
the motor is maintained at the maximum possible value and 
inverter frequency is maintained by VCO to keep V/t ratio 
constant at 4*4* 

it 

The complete experimental set up is shovm in 


i"’i'"j# 4,6,2* 
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CHAPTER 5 


PERFORMANCE OF TtH DRIVE 

5U ANALYSIS OF SINGIE PHASE fEHMANE^^^ CAPACITOR MOTOR 

Th« analyst t of psrfoanent capacitor induction motor 
is somt what complicated than other single phase induction 
AO tors due to interaction of two fields and dissimilarity 
of the constants for two windings. Therefor© no simple 
equivalent circuit can be drawn. The author in reference 
[19] has reported a n^thod for analysis of this type of Aster 
by using cross field theory. The two windings on stator 
are assumed to be in space quadration* The winding having 
capacitor in series is designated as start winding. The 
subscript S and M art used for start and main winding 
respectiveiy, ■ The subscripts 1 and 2 are used for stator 
and rotor. All rotor values are expressed in terms of main 
stator winding. The subscripts y and x are used for rotor 
currents artferred to stator main and start winding 
respectively. 

The following notation are usedt 

z 

stator main winding impedance *^iM 
stator msln winding ourrent * IM 



stator min winding countas «nf « Ul 
•tator Min winding nagnatic impedance * ZM 
stator atart winding impedance » 21S 
stator atart winding current m IS 

stator atart winding caaatat emf » £A 
a tator start winding magnetic in^edance a ZS 
in^scdance of capacitor a ZC 

rotor impedance » Z2 

rotor current refer to stator main winding * ly 
rotor current refer to stator start winding « 
rotor reactance » X 2 

start to main winding turn ratio » a 
speed of rotor per unit synchronous speed » S 

The following fundamental equation! can be written* 

For start main winding 

V - (Ig-Iy) + 

counter emf 

Fox stator start winding 

V • Zg ^^S**^*^ * 

Gountsr emf 


impedance drop 


( 1 ) 




4 * 


( 2 ) 


iB^dance drop 


( 3 ) 


For rotor refoar to main winding 

■¥ S[J -f ^ 

transforoor voltage speed e^ isopedance drop 

For rotor refer to «tart winding 

•— ** " ®^x *2 * 

transformer speed voltage iB^edanee drop 

voltage 

These four equations can be solved for Ig, ly 
and Ijj than the performance of the motor can be calculated 
as follows. 

Counter emf in main winding LM • V - Ij^ ZIM 
Counter emf in start winding HS * V-l 3 ( ZIS-^ZC) 

The rotor input or power transfered across the air gap is: 

Eltty cos (EM.IY) + ES cos (ES,Ijj) 

Power converted in to mechanical power * power transfered 

across the air gap «• 
rotor copper loss 

^ PM - Btty cos (EM,IY) + 
Esijj cos (ES,Ij^) • 
Cly^+Aj,^)R2 



Nilt output w PM • friction and windage lose 

tt , 

The torque in synchronous waii« c<vr k-e. ^ ' />■' 

am Ijj sin(EM,Ij^) + ^ ly ain (ES,Iy) 
and the stator input is 

vIm cos (vaim) + V is cos (V,IS) 
total supply current 

I « IM -I- IS 

hence power factor =: cos (V,I) 

Two motors were analysed by using this method. The 
characteristics are shown in Fig* 5.1.1 5,1,2 for Motor I 

and Motor II respectively* The parameter of the motors were 

obtained from the no .load and block rotor tests and are giver 

I 

in Appendix (?, In the characteristics of motor I, it can be 
noted that the variation of the input current and power 
with speed is unusual. This may be due to small size of 

j 

machine, 

5.2 PEKFOWAANCL OF INVLFxTLR 

The inverter was tested on different types of loads 
namely resistive, r.L and single phase permanent capacitor 
motor* The oscillograms of the output and inputs currents 
and voltages are shown in Fig, 5*2* This figure also shows 


Characteristics of Iph. permanent capacitor induction motor 
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^ b. './aveforms of inverter vdth 
resistive load (200 oliras). 

From top:— 

(i) Input current (0.166 A/div) 
Cii) Input voltage (5 V/div) 

(iip Output voltage (50 V/div) 

(iv) Output current (0.416 A/div) 
time scale : 5 msec/di v, 
reference level for DC: bottom 
line of graph. 



' - ,3 • Firing circuit \vaveforras 
From top:- 

i) Carrier wave (2V/div) 

ii) Modulating ■‘jjave (2V/div) 
iip PWM pattern (5 V/div) 

iv) Up-dovm signal to counter 
(b V/div) 

time scale: 0,2 msec/div. 



# C» Wavefonas of inverter 

with R-L load (200 ohms, 
4l5,^HiH) 

' '4 

Prom top:- 

(i)^ Input voltage (5 V/div) 

current (0.166 A/div) 
(ill) Output voltage (5-OV/div) 
(iv) Output cimrent C0.4l6A/div) 
time scale: 5 msec/div. 
reference level for DC: 
bottom line of graph. 



, d . Waveforms of inverter with 
single phase capacitor run 
Induction motor*. ,, • , 

‘rom top; — 

(i) ' Input current (0,166 A/div) 

(ii) ..Input .voltage. (10, V/div):,..*.'.,, 

(iii) Output voltage (100 V/div) 

(iv) Output current C.Oiil|«,m.A/dra 
time scale: 5 msec/div 
reference level .< f t'l 

^ bottom line ©4 .|ra#^ : 



an oscillogram of ths half cyclo of the pWM pattern. From 
the oscillograms^ It' can bo seen that the output current 
wave shape is independent of the type of load and is very close 
to sinusoidal. The output voltage waveforin depends upon the 
type of load. In the case of motor load^it is close to 
sinusoidal. However at ttie lower modulation index and 
frequencyjf considerable distortion in the output voltage ami 
current wave forms was found. This may be due to ^triangular 
reference waveform instead of sinusoidal. The ripples in the 
input voltage and current^ are considerably low, 

I 

5,3 PERFORMANCE OF DRIVE 

In the present drive,, two speed control schemes, namely 
stator voltage control at fixed frequency and constant V/F 

i 

ratio Control are implemented, A maximum power tracker circuit,' 

rfOO-'X i 

is used to minimi zt! the input power to the motor by controlling | 
the modulation index. Ip order to check the performance of the 
maximum power tracker circuit, option for open loop control 
of the modulation index is also provided. Since short circuit 
current of the solar cell is proportional to the intensity 
of the light, the speed of the fan, power input to motor and 
power output of PV array are measured at different values of 
short circuit currant by using both schemes of the speed contro 

r 

■ I 


with and without laaxinuim power tracker circuitt and are given 
in table I, fthen maximum power tracker is not used, the 
input power to the motor is adjusted to a nmximum value with 
the help of potentiometer* 

From t^e results of Table i, it can be seen that 
maximum power tracker is capable of maintaining the input 
power to the motor within 2y» of the ’maximum value’. However 
it did not make full use of maximum available pV power, 
especially at low power levels. At low insolation levels 
stator voltage control with fixed frequency gives higher speed 
of the fan than the constant v/F ratio control. While at 
higher insolation levels constant V/F ratio gives better 
results. This may be due to, the fact/ that the current j 

required by motor with constant V/F ratio may be more than 
that with fixed frequency stator voltage control at low 
speeds, which may force the array to operate at lower voltage \ 

i 

and power levels. Since the input current to the motor attains 
a maximum value at about 2/3 of synchronous speed with stator 
voltage control, the required current may be mote than that 
with constant V/t' ratio at. higher insolation levels. This 
may be the reason of lower speeds at higher insolation level 
with stator voltage control. Sinceth- the power output of the 
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fan is proportional to the cube of its speed and short 

$6 id'/ 

circuit current of a xotor cell is proportional ^the to 
the intensity of the llght» a direct relation between 
power output of fan and intensity of light can be 
obtained from Table X* 


CHAPTF.R 6 


CONCUUSICNS 

A photovoltaic induction motor drive was bulit and 
tested in the laboratory with a fan load, a maximum power 
tracker was used to maximise the input power to the motor* 

The suitable speed control schemes were used to ensure good 
efficiency of the motor* The performance of the maximum 
power tracker was found to be satisfactory. The results 
reveal that at low insolation level, stator voltage control 
gilros higher motor speed, while constant V/F ratio control 
gives better results at higher Insolation levels* The 
analysis of the system for efficiency and operation of drive 
with pump could not be under taken due to limitation of time 
and unavailability of pump in desired ratings. However the 
test on the fan in lab. indicates that drive scheme is 
suitable for small photovoltaic pump systems. 

The present scheme has certain disadvantages which 
require further investigations* In this scheme stepped 
triangular saodula^rfron waveform was used to generate PWM pa tie: 
which results not only in distortion of the output voltage 
and current waveforms of inverter at low values of modulaticsa 
index and frequency but also affects the performance of VCO 
and maximum power tracker circuit, because the relation betvwi 


p«ak and ms valuas of sM^toi tsxminal voltage does not remain 
the saose fox all vaiues of modulation index. This problem 

man easily be eliminated by using sinusoidal reference wave , 

1 nnso ICC 

instead of stepped triangular. Further more at low xadia - t igii 

levels, none of the speed control scheme ensures full utili- 

A[riutcihU 

zation of the maximum va xiab le photovoltaic power. A speed 
control scheme may be investigated which should control the 
speed of drive in such a way that the current required by the 
motor should be slightly, less than the photovoltaic cwcxmt 
corresponding to the maximum power point at all insolation 
levels and tei^peratures* Further more to ensure maximum 
mechanical output (water), speed of the drive can be maximized 
instead of input voltage to the motor. It will be interesting 
to perform efficiency analysis of induction motor pump systems 
and its coihperision with other available PV pump drive 


systems* 


APPENDIX I 


RATINGS AND PARAMETERS OF MOTORS 


Rating 220/240 volts, 40 '.Vatt padstal fan 
paiarootaxa 

stator main winding resistance RiM » 189*87 ohm 

stator main winding reactance XIM » 237.056 ohm 

stator main winding magnetizing reactance XMM » 1025.31 Ohm 
Stator start winding resistance RIS m 229»66& ohm 
stator start winding reactance XIS « 266.879 ohm 
stator start winding magnetizing reactance XMS =# 2031.39 ohm 
reactance of capacitor XC » 1327.258 ohm 
equivalent series resistance of capacitor hC « 4.896 ohm 
rotor resistance refer to stator R 2 » 130.122 ohm 
rotor reactance refer to stator X^, * 237.056 ohm 
equivalent core resistance of main winding RMM » 7523*9061 ohm 
equivalent core resistance of start * 14905.18 ohm 

ittctito aminwMUlilftg turn ratio a » 1.4o75 ohm 

friction and windage o^ loss » 


1,50 watts. 





0»2& HP» p«xiaan«nt capacitor induction lootor and centrifugal 
pump in mono block* 

natinat 

220/240V, 50 Hz, 1*8A, 2700 rpm* 0*25 HP, 4,5/14 mt, 

64/28 Ipm 

Parameters 

etatir main winding resistance RIM =• 19*04 ohm 

stator main winding reactance XIM w 11,028 olmi 

stator main winding magnetizing reactance XMM » 299,027 ohm 

stator main core loss equivalent resistance RMM » 1174*32 ohm 

stator start winding resistance RIS » 18*904 ohm 

stator start winding reactance XIS * 9.9116 ohm 

stator start winding magnetizing reactance XMS » 344,50 ohm 

stator start winding core loss equivalent resistance RMS » i025*< 

rotor resistance refer to stator side =* 19*54 ohm 

rotor reactance refer to stator side X2 » 11.028 ohm 

reactance of capacitor XC =» 344,50 ohm 

equivalent series resistance of capacitor hC « 8*277 ohm 

friction and windage loss FWL » 29*0 watts. 



wh«r«t 


ZIM • aiM + j XIM 
m « HMM//j xm 
ZIS « ais + j xis 
zs « HMS//j X M 
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